The aim of this study was to evaluate the effects of post surface conditioning with adhesive systems on tensile bond strength between two composite resin core systems and FRP posts (ER DentinPost). Forty-eight posts were trimmed at the coronal part, and the upper part of 3 mm was covered with a standardized composite resin core build-up. Twenty-four posts were treated with the respective adhesive systems. Four groups were formed: G1 -ClearfilCore; G2 -Clearfil New Bond ＋ ClearfilCore; G3 -MultiCore Flow; and G4 -AdheSE ＋ MultiCore Flow. Mean (SD) bond strengths in MPa were 7.53 (0.89) for ClearfilCore and 8.08 (0.93) for New Bond ＋ ClearfilCore; 5.80 (0.39) for MultiCore Flow and 5.92 (0.43) for AdheSE ＋ MultiCore Flow. ClearfilCore achieved significantly higher bond strengths than MultiCore Flow (two-way ANOVA; p<0.0001). In conclusion, composite resin core materials exerted a significant influence on tensile bond strength, while adhesive systems did not significantly affect the results.
INTRODUCTION
Endodontically treated teeth are often severely damaged with little remaining coronal tooth structure. As such, they require a post to retain the core build-up. A review of the pertinent literature on this subject demonstrated that cast metal posts and cores have been used in these situations to ensure retention for prosthetic rehabilitation 1) . Current techniques and recommendations for treatment planning after successful root canal filling include adhesive restoration with fiber-reinforced plastic posts (FRP posts) in combination with composite resins that are specifically designed for core build-ups [1] [2] [3] [4] .
The clinical use of FRP posts has increased continuously since these materials were introduced in 1990 by Duret et al. 5) . FRP posts are composed of fibers of silica surrounded by a matrix of polymer resin, which is usually an epoxy resin 6) . Therefore, the term 'fiber-reinforced plastic' (FRP) seems to be more suitable than fiber-reinforced composite (FRC), although the latter has frequently been used in the past 4) . FRP posts have an elasticity modulus very similar to that of dentin, and this may lead to a better distribution of the occlusal loads along the root [7] [8] [9] . Moreover, FRP posts are translucent, and therefore have distinct esthetic advantages 6) . With this host of advantages, FRP posts have been suggested recently as possible alternatives to cast metal post and core restorations of endodontically treated teeth 10) .
Primarily, composite materials were not specifi-cally developed for core build-up procedures in combination with FRP posts. However, as a consequence of their properties, there have been indications for composite resins to be used as core materials 11) . According to the manufacturers' recommendations, composite resin core build-up materials should be used with the respective adhesive systems to facilitate retention to the remaining dentin of the destroyed tooth 2, 12) . The retention and stability of post and core systems are important factors for the success of a definitive restoration. Therefore, core build-up materials should exhibit good adaptation and reliable bond strength to the post surface 11, 13) .
The insertion of FRP posts requires separate conditioning of the intraradicular dentin with total-etch, self-etch bonding materials or self-adhesive resin cement systems 14, 15) .
Following which, the composite resin core build-up material is usually placed on the remaining dentin in combination with the respective adhesive system in the cavity and around the FRP post 12) .
Various composite materials are available, and their adhesion to FRP posts was the objective of several previous investigations 4, 11, 16, 17) . Typically, it is recommended by manufacturers to use composite resin core build-up materials in combination with their respective adhesive systems. However, to date, the influence on adaptation and bond strength of viscous composite resins to FRP posts has not been investigated and elucidated.
During the core build-up treatment procedure, it is an uphill if not impossible task for dental practitioners to condition the dentin without simultaneous application of the liquid components on the inserted FRP post surface. It should be noted that currently available FRP posts have highly crosslinked matrices. With the high conversion rate of epoxy resin, it can be assumed that the matrix is less reactive if there were no functional group available for reaction and bonding between FRP post and adhesive luting agent might be adversely affected 4) . With micromechanical retention playing a predominant role, bonding procedures without the use of respective adhesives may well be a feasible and favorable option.
Consequently, the objective of the present study was to evaluate the effect of post surface conditioning with adhesive systems on the tensile bond strength between two different types of composite resin cores and FRP posts. The null hypothesis of the study was that neither the type of composite resin core nor the post surface conditioning with the respective adhesive system has a significant influence on the tensile bond strength between FRP posts and composite abutments.
MATERIALS AND METHODS

FRP posts
Forty-eight fiber posts (ER DentinPost, Komet, Lemgo, Germany) of size 3 with a length of 20.0 mm and a maximum diameter of 2.0 mm were used for bond strength testing using a pull-out design. The ER DentinPost was a FRP post composed of unidirectional glass fibers (65.0 weight, embedded in an epoxy resin matrix) with a gradient angle of 4.2 (taper approximately 9 ) in the apical area and medium third (12 mm). The coronal third (8 mm) of the post was parallel.
The posts were trimmed at the coronal part to a length of 15 mm. On the supposition that the posts might be inserted to a maximum length of 12 mm into the root canal, the specimens were obtained by covering the upper part (3 mm) of the posts with a standardized composite resin core build-up. Calculated bonding surface was 21.99 mm 2 ( To prepare the core build-ups, a special apparatus to position the post in the center with reference to the composite build-up was constructed. After each post was positioned upright in the device, the upper part of the apparatus a removable nylon pattern with a standardized mold was placed on the device. The mold fabricated core build-ups with a total abutment height of 9.5 mm and with two different diameters (diameter 4.5 mm around the post; diameter 8.7 mm in the upper part) ( Fig. 1 ). The mold in the nylon pattern ensured a standardized shape of the composite core build-ups and equal distribution of the core material around the posts. Upper part of the abutment served as a retention interface for the tensile device of the universal testing machine (Instron Type 4204, Instron, Canton, MA, USA).
Adhesive systems and flowable composite core build-up materials were used according to manufacturers' recommendations for use on the dentin surface, as well as applied into the mold and around the upper 3 mm of the fiber posts. 1. Clearfil New Bond/ClearfilCore build-up procedure (Group 2) Post surfaces were etched with 40 phosphoric acid gel (K-etchant gel, Kuraray) for 30 seconds, rinsed with a spray for at least 20 seconds, and carefully dried.
Subsequently, the bonding surfaces were treated with a silane coupling agent (1 in weight), Monobond-S (Ivoclar Vivadent), for 60 seconds using a disposable brush. After drying the post surfaces, the two components of Clearfil New Bond (Universal Liquid and Catalyst Liquid) were mixed in equal portions of 1:1, and a thin coat of the mixture was applied on the post surfaces. Mixing of the two pastes of the self-curing ClearfilCore followed, and the material was dispensed from a syringe (Dentsply, Konstanz, Germany).
AdheSE/MultiCore
Flow build-up procedure (Group 4) The separate etching procedure was administered with the self-etching adhesive (AdheSE primer). The primer was applied on the post surfaces, and the time allowed for reaction was 30 seconds. Excess amount of primer was dispersed with an oil-free stream of air, and the bonding surfaces were treated with Monobond-S for 60 seconds and dried. Then, AdheSE bonding was applied, carefully dispersed, and polymerized for 10 seconds using a halogen light (Optilux 401, Kerr, Demetron, Orange, CA, USA). MultiCore Flow was a dual-activated composite resin and dispensed directly from a syringe (MultiCore Refill Dispenser, Ivoclar Vivadent) in increments of 2 mm thickness, which were cured for 30 seconds using a halogen light (Optilux 401).
The composite resin was directly polymerized from the upper side of the mold. After removing the cured core build-up cylinder from the mold of the nylon pattern, a further irradiation of 60 seconds of the MultiCore Flow specimen was carried out from all sides in order to guarantee complete polymerization of the dual-curing composite resin core build-up material. 3. ClearfilCore and MultiCore Flow build-up procedure (Groups 1 and 3) In Groups 1 and 3, the respective adhesive systems of ClearfilCore and MultiCore Flow were not used. Silanization of the FRP posts was performed without application of K-etchant gel and Clearfil New Bond in Group 1 or AdheSE primer and AdheSE bonding in Group 3. The composite resin core build-up materials were applied after silanization of the untreated bonding surfaces with Monobond-S for 60 seconds.
Tensile bond strength test
After a storage period of seven days in a humid atmosphere (100 relative humidity at 37 ), the specimens were mounted in a universal testing machine (Instron Type 4204), and the core composite resin abutments were fixed in the tensile testing device. The specimens were loaded at a crosshead speed of 1.0 mm per minute in a pull-out direction ( Fig. 1 ) until the composite core build-ups were separated from the posts.
Bond strength was expressed in MegaPascals (MPa) by dividing the load at failure (Newton) by the bonding surface (mm 2 ; see above).
SEM analysis
After tensile testing, the bonding surfaces were analyzed using a light microscope (Axioskop 40, Carl Zeiss, Jena, Germany) at 36 magnification. Following which, representative specimens were evaluated using scanning electron microscopy (SEM; LEO 435 VP, Oberkochen, Germany). Type of failure at the interface was determined as adhesive between post and composite resin core or cohesive within the composite resin core.
Statistical analysis
Results obtained from tensile testing were compared using two-way ANOVA and the Scheff procedure (SPSS 12.0 for Windows, SPSS Inc., Chicago, Illinois, USA). Level of statistical significance was set at p<0.05. Table 2 shows the bond strength values and standard deviations.
RESULTS
Two-way ANOVA revealed that ClearfilCore achieved significantly higher bond strengths compared to MultiCore Flow (p<0.0001).
The use of adhesive systems on the bonding surfaces of FRP posts increased the tensile bond strength. Indeed, mean bond strength values were higher when the adhesive systems were used, but these differences were not significant (p>0.05, twoway ANOVA).
ClearfilCore in combination with Clearfil New Bond resulted in a significantly higher value than MultiCore Flow with AdheSE (p<0.0001, Scheff procedure). Similarly, mean bond strength value was higher when FRP post surfaces were conditioned with a combination of phosphoric acid and Clearfil New Bond system (Group 2) versus the exclusive . Fibers were exposed on the surface. application of ClearfilCore (Group 1).
However, Scheff procedure revealed no significant differences (p>0.05). As with Groups 1 and 2, the difference between MultiCore Flow (Group 3) and MultiCore Flow with AdheSE (Group 4) was not significant (p>0.05, Scheff procedure).
Without exception, light microscopic evaluation of the bonding surfaces after the bond strength test showed that adhesive failure between the posts and core build-up materials occurred. SEM analysis of some representative specimens of Groups 2 and 4 demonstrated cohesive failure. As shown in Figs. 2 and 3, the SEM images showed a resin-covered top surface and remnants of resin on the lateral bonding surfaces of FRP posts.
DISCUSSION
In the present study, the adhesion of (flowable) composite resin core build-up materials with and without the use of respective bonding systems to FRP posts with unidirectional glass fibers (65 weight, bound in an epoxy resin matrix) was assessed using a pull-out design. With this type of post and hence with most commercially available fiber posts, epoxy resin is the matrix connecting the individual fibers 4, 18) . As for the storage duration of specimens before testing, it was based on studies which demonstrated that composite resins yielded the maximum bond strength after a storage period of seven days 19) .
Conventional methods for testing interfacial bond strength are namely the push-out and microtensile tests 4, 9, 18, 20) . With the push-out test, fractures occur parallel to the bonding interface along the long axis of the posts, thus representing a shear bond test indeed 21) . As for the microtensile bond strength test, it is designed to test the interfacial bond strength between prefabricated FRP posts and composite resin cores. With this test method, serially sectioned 1mm-thick slices of post and core materials with only a small cross-sectional area are used as specimens 4, 9, 11, 16) . The small bonded area between the resin and post is difficult to define exactly and has to be calculated because of the curvature of the interface 9) . Besides, the comparably high premature failure rate during specimen preparation is regarded as a glaring disadvantage of this method 11) .
As for the pull-out design used in the present study, it was a method that combined shear and tensile bond strength testing. In terms of specimen design, it entailed standardized abutments covering a well-defined bonding surface at the top of the post (tensile stress) as well as the long axis of the post (shear stress). In this manner, an improved simulation of the clinical situation was achieved at least to some extent. Resulting bond strength values of this experiment then represented the total bond strength between the core build-up material and FRP post, as so defined in the bonding surface area for the composite resin core build-up.
In the present investigation, the maximum bond strength values were lower when compared to previous microtensile bond strength studies 4, 16) .
One reason might be the composition of the FRP post used. According to manufacturer's information, ER DentinPost consisted of 65.0 glass fibers in weight. This was somewhat higher than the previously used 4) FRC Postec posts (Ivoclar Vivadent) which were composed of 61.5 (in weight) of glass. Based on these compositional data, the bonding surface of ER DentinPost thus had a lower content of epoxy resin matrix, which might reduce micromechanical and chemical bonding to the composite resin core. Thus, with regard to the percentage difference of fibers, the influence of exposed fibers at the abutting face of the posts could be considered as negligible. According to manufacturer's information, MultiCore Flow had a filler content of 71 in weight, whereas ClearfilCore boasted a superior filler content of 78 in weight. Flowable composites presented good adaptation at the surface of FRP posts, but the mechanical properties of flowable composites resins are generally considered inferior if compared to conventional materials.
Moreover, flowable composite resins have a lower filler-resin ratio than conventional composite resins 17, 22, 23) . It has been reported that composite resins with higher filler content reveal lower polymerization shrinkage [24] [25] [26] . On the other hand, a higher content of resin may lead to increased contraction during polymerization, whereby stress from shrinkage strain could weaken the interfacial bonds, thus affecting the bond strength to the post surface 11) .
Conversely, it has been demonstrated that highly filled packable composite resins were less capable of reducing contraction stress 27) . In the present study, the vectors of stress arising from polymerization shrinkage were directed toward the post. As such, it might be conceivable that increased contraction stress of the higher-filled ClearfilCore could have strengthened the interfacial bond between the post and core resin, thereby contributing to a form of shrinkage-related mechanical interlocking. Therefore, it could be said that differences in contraction stress between the two composite resins used might have additionally influenced the bond strength.
Polymerization shrinkage and contraction stress of dental resin composites depend on a variety of factors: unpolymerized resin content, type of resin monomer and composite system, setting mechanism, and curing mode [28] [29] [30] [31] [32] . In the present study, the difference in polymerization mode (i.e., self-curing versus dual photocuring mode) might have affected the outcome. As a result, the bond strength values of the highly filled ClearfilCore specimens were significantly higher than those of MultiCore Flow. An additional possible explanation for the higher bond strength values observed with ClearfilCore (compared to MultiCore Flow) might stem from the improved mechanical properties due to the higher filler content. Taken together, the higher bond strength and the resultant improved resistance to dislocation of ClearfilCore core build-ups were indicative of a stronger interfacial bond of the material to the FRP posts.
However, the true reasons responsible for the observed outcome remained unclear. Therefore, with regard to the suggested explanations expressed above, further research to shed light on and illuminate this subject is clearly needed.
The use of silane coupling agents to improve the interfacial bond strength between composites and FRP posts has been a controversial and vigorously debated subject 18) .
A microtensile bond strength study demonstrated that the use of a silane agent significantly improved the bond strength between FRP posts and flowable composite core build-up materials 4) . However, in a recent study, the bond strength of resin cements to FRP posts was not significantly affected by silanization used as a pretreatment 33) . Indeed, there were indications that the purported effects of silanization appeared to be clinically negligible 34) .
Different theories have been proposed and considered to explain the bonding mechanism of silane coupling agents in adhesive dentistry. However, the chemical reaction and bonding mechanism of silanes in the adhesion process is not yet completely understood 4, 35) . Nevertheless, none of the recent studies has revealed a negative effect caused by silanization of the bonding surfaces on the interfacial bond strength between FRP posts and composite materials. Instead, it has been generally assumed that silane improves the interfacial bond strength 4, 34, 36) .
Hinging on this general consensus about the positive effect of silane coupling agents, the bonding surfaces of FRP posts in the present study were treated with Monobond-S prior to the build-up procedure.
However, it should also be emphasized that investigation into the effects of silanization was not the aim of the present study.
Different types of conditioning treatments have been investigated for the post surface with a view to arriving at a qualified pretreatment procedure for the bonding surfaces of FRP posts 4, 9, 36, 37) . On this note, tribochemical silica coating has been reported to increase the bond strength between FRP posts and resin cement when compared to surface etching with phosphoric or hydrofluoric acid 9) . In the present study, the post surfaces were conditioned with the adhesive systems which were used according to the manufacturers' recommendations for dentin treatment.
AdheSE was a two-step self-etching bonding system. According to manufacturer's information, AdheSE primer consisted of monomers with acidic phosphate groups. The conditioning of FRP surfaces was thus undertaken by these self-etching monomers. As for Clearfil New Bond, it required a preceding surface etching procedure with phosphoric acid gel. After etching with K-etchant gel, rinsing and drying of the post surfaces followed.
It is known that etching procedures affect the surface topography of FRP posts. However, the effects of phosphoric acid are negligible compared to the use of hydrofluoric acid 9) . Nevertheless, the application of K-etchant gel might have caused minimal modification of the bonding surface and contributed to a cleaning effect of the available bonding surface. This procedure might have thus intensified the silane layer and improved micromechanical interlocking, thereby resulting in a slightly higher bond strength value of Group 2 (Clearfil New Bond and ClearfilCore) as compared to Group 1. Unlike phosphoric acid etching, the layer of acidic monomers of self-etching AdheSE system was left on the post surface. Nevertheless, statistical analysis revealed that the observed enhancement was not significant. Instead, the results indicated only a slight improvement of the interfacial bond when AdheSE system was applied on the post surfaces.
As with previous investigations, light microscopic and SEM analyses of the bond surfaces demonstrated exclusively adhesive bond failure after testing and debonding. This was in agreement with the results of recent microtensile bond strength studies, whereby bond failures of composite-fiber post units revealed only adhesive failure 4, 9) .
It has been assumed that some free radicals of the matrix of fiber posts form a chemical bond with BIS-GMA-based resins 12) .
However, the adhesive failure mode of the present study indicated that there were no chemical bonds between the composite materials and fiber posts. Mannocci et al. 38) proved that monomers of bonding resins penetrated into the interpenetrating polymer network (IPN) polymer structure of EverStick Post, whereas no penetration into the crosslinked matrix was observed for another FRP post system. In other words, not all the monomers used in bonding resins are capable of infiltrating PMMA-based IPN structures. It should be highlighted that in the present study, the matrix of ER DentinPost did not consist of any IPN structure.
Notwithstanding, SEM analysis of representative samples clearly revealed remnants of bonding layer. It could be speculated that the bonding between resin cement and FRP post was a frail one at the resinpost-interface.
Hence, the observed failure mode could rather be described as cohesive failure inside the resin-adhesive interdiffusion zone. In the present study, only a limited number of samples were additionally evaluated using SEM, whereas the complete analysis of debonding failure was conducted using a light microscope. Results of SEM analysis clearly demanded for further studies in this field. This was because the commonly used failure mode descriptions at the adhesive interface between post and resin cement seemed to be questionable.
Based on the results of the present study, the resistance to tensile and shear bond forces of composite resins bonded to fiber posts seemed to be solely attributed to micromechanical interlocking and sliding friction. Low-viscosity monomers of the adhesive systems might have penetrated and infiltrated the space between the glass fibers and microporosities in the epoxy resin matrix. The polymerized bonding resins then contributed to stabilizing and enhancing the micromechanical retention between polymers and FRP posts. Thus, the null hypothesis that neither the type of composite resin core nor the post surface conditioning with the respective adhesive system has any influence on the tensile bond strength between FRP posts and composite core build-ups had to be partly rejected.
CONCLUSIONS
Within the limitations of this in vitro study, it could be concluded that the investigated pretreatment procedures had only a minor influence on bond strength.
Therefore, pretreatment of fiber posts with the respective adhesive systems did not seem to be mandatory. Moreover, during the composite resin core build-up procedure, dentin conditioning could proceed with simultaneous application of the liquid components on the inserted FRP post thereby saving time in the clinical situation.
Differences in bond strength observed with the various composite resins were significant. In other words, bond strength to FRP posts was dependant on the composite resin systems used. Nonetheless, with regard to long-term bonding, further studies after thermomechanical loading and water storage of the samples are clearly needed.
